The amino acid sequences of the eye lens protein cu-crystallin A from many mammalian and avian species, two frog species, and a dogfish have provided detailed information about the molecular evolution of this protein and allowed some useful inferences about phylogenetic relationships among these species. We now have isolated and sequenced the cr-crystallins of the American alligator and the common tegu lizard. The reptilian aA chains appear to have evolved as slowly as those of other vertebrates, i.e., at two to three amino acid replacements per 100 residues in 100 Myr. The lack of charged replacements and the general types and distribution of replacements also are similar to those in other vertebrate CYA chains. Maximumparsimony analyses of the total data set of 67 vertebrate aA sequences support the monophyletic origin of alligator, tegu, and birds and favor the grouping of crocodilians and birds as surviving sister groups in the subclass Archosauria.
Introduction
The molecular evolution of the eye lens protein a-crystallin A has been studied extensively in mammals and birds, and the sequence of this chain is also known in two frog species and a dogfish (de Jong 1982; King and Piatigorsky 1983; Tomarev et al. 1983; de Jong et al. 1984; Stapel et al. 1984 ). a-Crystallin is an interesting object of molecular biological, structural, and aging studies (reviewed in Bloemendal 198 1) . This structural protein occurs in considerable quantities in almost all vertebrate eye lenses (Clayton 1974) , forming high-molecular-weight aggregates composed of two types of chains, arA and aB. These chains are 173 and 175 residues long, respectively, and show -57% sequence identity (van der Ouderaa et al. 1974 ). An advantage of using the aA chain in phylogenetic studies is that it is the product of a single-copy gene (King and Piatigorsky 1983; Dodemont 1984) . This avoids the risk of comparing paralogous gene products and the complicating effects of gene conversion. Because of its relatively slow rate of evolutionary change, the cuA sequences can be useful in the study of relationships among higher taxonomic categories (de Jong 1982) . We now have determined the primary structure of this chain in the following two reptilian species: the American alligator and a large lizard, the tegu.
Material and Methods
Lenses were collected in southeast Louisiana from 2-4-ft-long American alligators (Alligator mississippiensis). Six lenses were sent frozen from New Orleans to Nijmegen. An additional 10 lenses were shipped at ambient temperature in saturated guanidineHCl, from which the crystallins were reconstituted by controlled dialysis . Eighteen lenses from the common South American tegu (Tupinambis teguixin) were obtained from animals maintained in the central animal facilities of the University of Nijmegen School of Medicine.
All subsequent procedures have been described in detail elsewhere . cx-Crystallin was isolated by gel filtration over Ultrogel.AcA34. The a-crystallin A and B chains were separated by ion-exchange chromatography over a Whatman CM-52 column in the presence of 7 M urea. Acrylamide gel electrophoresis of cycrystallin and its subunits was carried out in Tris-glycine buffer, pH 8.5, containing 6 M urea.
Aminoethylation and cyanogen bromide cleavage were carried out according to standard procedures. Cyanogen bromide fragments were separated by gel filtration over Sephadex G-75 in 5% acetic acid. Polypeptide chains, CNBr fragments, or peptides were digested with trypsin, chymotrypsin, thermolysin, or staphylococcal protease. The resulting peptides were purified by gel filtration over Sephadex G-50 sf, highvoltage paper electrophoresis at pH 6.5 and 3.5, and paper chromatography. Peptides were analysed for amino acid composition, and sequences were determined by dansylEdman degradation. Dansyl amino acids were identified by polyamide thin-layer chromatography. Amide assignment was based on the charge of small peptides, as revealed by electrophoretic mobility at pH 6.5.
Cladograms were constructed from the data sets of crA sequences using maximumparsimony procedures as described in Moore et al. (1973) and Goodman et al. (1979) .
Results and Discussion
a-Crystallin Subunits cY-Crystallin was isolated from the aqueous lens extracts in a single gel filtration step. The six alligator lenses yielded 160 mg of a-crystallin, whereas those from the tegu yielded 140 mg of the protein. Alkaline urea gel electrophoresis revealed the presence of two acidic aA chains in a-crystallin from both alligator and tegu ( fig. 1 ). The polypcptides labeled aA, originate by posttranslational modification of the primary gene product CWA* (Bloemendal 198 1) . The tegu aB2 chain, like those of other lizards that have been studied (de Jong 1982) , is more basic than bovine aBz . Alligator aBz is exceptionally acidic, as in some avian species (de Jong 1982) .
Because, apart from the deamidation, CUA~ and aAl chains have the same primary structures, these chains were pooled and designated as aA in the subsequent sections.
Alligator and Tegu CXA Sequences
Ion-exchange chromatography of 160 mg of alligator a-crystallin yielded 30 mg of aA chain. A further 60 mg of aA was obtained from the reconstituted, impure cycrystallin recovered from the 10 lenses that were received in guanidine-HCl. The sequence analysis of alligator aA is described and illustrated in figure 2.
The tegu a-crystallin A chain (60 mg) was isolated by ion-exchange chromatography of 140 mg a-crystallin. Its sequence determination is given in figure 3 . Both alligator and tegu aA chains are N-terminally blocked, probably by an N-acetyl group ..
amino acid sequence of alligator a-crystallin A chain. The isolated tryptic (T), chymotryptic (C), thermolytic (Th), and staphylococcal protease (SP) peptides are indicated, as well as peptides obtained by subdigestion of cyanogen bromide fragments (CRT) and tryptic peptides (T-Th). All peptides were characterized by amino acid analysis and in many cases subjected to Edman degradation. Residues placed by dansyl-Edman degradation are indicated by -. For other residues the punctuation used is that recommended for partly known sequences by the IUPAC-IUB Commission on Biochemical Nomenclature (1984) . This sequence was determined starting from 60 mg of S+aminoethylated clrA chain, which was reacted with cyanogen bromide to produce three fragments that could be separated by gel hltration. Each of the fragments was digested with trypsin, and the soluble peptides were separated by paper electrophoresis at pH 6.5, followed by descending chromatography in the second dimension. Neutral peptides from such peptide maps were, if necessary, further purified by electrophoresis at pH 3.5. The insoluble core peptide T4, present in CB 1, was purified by gel filtration, digested with thermolysin, and fingerprinted. Some other tryptic peptides were subdigested with thermolysin as indicated. Another 30 mg of aA chain was used for chymotryptic, thermolytic, and staphylococcal protease digestions to obtain overlapping peptides for the CB fragments and their tryptic peptides. Amide assignment was based on electrophoretic mobility of peptides or (in the case of residues 2,6, 24,25, 101, 102, 104, 105, 106, 125, and 126) inferred from homology with the chicken and bovine sequences. X indicates the blocked, probably N-acetylated, N-terminus.
Branch swapping always resulted in most-parsimonious trees that required 267 nucleotide substitutions. A total of at least 3,268 trees were examined. Of these, 92 required 267 nucleotide substitutions. In these trees the alligator, tegu, and avian cxA chains have nine amino acids not shared with mammals, while alligator shares three amino acids with the birds that it does not share with the tegu (fig. 5) fig. 2 . Cyanogen bromide cleavage was performed on 40 mg of S+aminoethylated aA chain, and the two resulting fragments were separated by gel filtration. The fragments were digested with trypsin (T), and the resulting peptides purified for amino acid analysis, sequence determination, and, in some cases, subdigestion with thermolysin (Th), chymotrypsin (C), and staphylococcal protease (SP). The remaining 20 mg of aA was used for chymotryptic digestion-which provided overlaps for some tryptic peptides-and for tryptic digestion-which proved the presence of N-terminal methionine (in peptide Tl) and gave the overlap of CB 1 and CB2 (in T 17). Amides are either assigned on the basis of electrophoretic mobility of peptides or (in the case of residues 24, 25, 101, 102, 104, 105, 106, 125, 126, 147, 149, 151, 155, and 156) inferred from homology with chicken and bovine aA.
phylogeny. Most conspicious is the separate origin of the eutherian and metatherian branches, which is mainly the result of the unique shared replacements 17 Leu and 58 Glu in birds, reptiles, and marsupials ( fig. 5 ). To construct "biologically acceptable" trees in which these deviations from common opinion are corrected according to procedures and criteria described elsewhere (Goodman et al. 1979 ; de Jong and Goodman 1982) requires 273 nucleotide substitutions ( fig. 6 ). These biologically acceptable trees still strongly support the monophyletic origin of alligator, tegu, and birds, as evidenced by the common possession of five unique replacements in their CYA sequences. However, in these trees it is equally parsimonious to have an avian-crocodilian monophyly as to join tegu and birds or tegu and alligator. The assumed monophyletic ancestry of marsupial and placental mammals during the 200 Myr since their divergence from the reptilian stem would only have resulted in three shared derived replacements-of which 72 Val is unique -in their cuA sequences, while 74 Phe and 89 Val also occur in tegu. However, to join tegu to the mammalian line in figure 6 would require 11 additional replacements. The shared replacements 74 Phe and 89 Val in tegu and mammals in fact support the topology of figure 5.
The actual replacements that determine the branching patterns of alligator, tegu, and avian cxA sequences (cf. fig. 4) 
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FIG. 4.-Comparison
of alligator and tegu aA sequences with those of mammals, chicken, frog, and dogfish. The one-letter notation for amino acids (IUPAC-IUB 1984 ) is used; a dash (-) indicates a deletion. Observed amino acid replacements in 41 mammalian aA sequences as compared to the bovine sequence (de Jong 1982) are given above the bovine sequence. Vertical lines indicate where residues in the sequences of the other vertebrate aA chains are identical to those of the cow. The sequence 7 l-76 could not be determined in aA of the frog Rana esculenta, but it is Phe-Thr-Ile-Asn-Leu-Asp in aA of R. temporaria (Tomarev et al. 1983) ; as far as their sequences are known, the two frog aA chains show 10% difference. frog and dogfish. Tegu and birds would have two possible synapomorphies, except that 40 Phe also occurs in dogfish aA, and 152 Pro in edentates. Alligator and tegu aA sequences have no synapomorphic replacements. This "qualitative" analysis of the critical replacements in the avian and reptilian lineages may be taken as additional support for an avian-crocodilian monophyly.
Apart from the suggested paraphyletic-rather than monophyletic-origin of eutherians and metatherians (for which there is no paleontological support; Marshal 1979), our parsimony analyses of the C-YA sequences conform to general opinion about the evolution of the amniotes-i.e., mammals, birds, and reptiles (Romer 1966; Benton 1984) . It is believed that the turtles and then the mammals first branched off after the monophyletic origin of the amniote stem. A remaining branch, the Diapsida, subsequently split 'into two main lineages with living representatives. One, the subclass Archosauria, led to the crocodiles, dinosaurs, and birds; the other, subclass Lepidosauria, led to rhynchocephalians, lizards, and snakes. The association of crocodilians with birds through an Archosaurian ancestry, originally proposed on the basis of traditional morphological and paleontological evidence (see Romer 1966) , has been supported by detailed examinations of the avian and crocodilian inner ear (Walker 1972; Whetstone and Martin 1979; Tarsitano and Hecht 1980) and cardiac muscle homologies (Webb 1979 ). This amniote relationship is, however, not unchallenged. Gardiner (1982) , among others, has recently proposed making the birds the sister group of the mammals on the basis of an extensive cladistic analysis of paleontological and neontological characters. -Most-parsimonious phylogenetic tree constructed on the basis of the a-crystallin A sequences of the American alligator and the tegu lizard and those of 42 species of mammals, 2 1 species of birds, a frog, and a dogfish (de Jong 1982; de Jong et al. 1984; Stapel et al. 1984) . Ninety-two equally parsimonious trees were obtained (267 nucleotide substitutions) that only differ in the branching arrangements among the eutherian mammals and the carinate birds. The inferred distribution of amino acid replacements over the branches of interest, as obtained by the A-solution algorithm of Moore et al. ( 1973) , is shown. The sequence of the paralogous bovine cy-crystallin B chain (van der Ouderaa et al. 1974) has been used to infer the distribution of substitutions over the branches from the root of the tree to dogfish and to the most recent common ancestor of the tetrapods. When the distance Wagner tree was used as a starting dendrogram in the search procedure, slight differences in branch lengths and assignments of amino acid replacements were obtained in an otherwise equally parsimonious tree of identical topology. Estimated times of divergence are obtained from the paleontological literature (Romer 1966; Benton 1984) . The branching point indicated by (I) is not compatible with current opinions about vertebrate phylogeny and is therefore placed arbitrarily. Shown are replacements requiring two or three base substitutions (0) and replacements among the 67 investigated aA sequences that have been observed exclusively in reptiles and birds (*), marsupials, reptiles, and birds (-), and marsupial and placental mammals (-).
Earlier biochemical and immunological studies have not been able to resolve the higher-order relationships among the reptiles but do indicate that the class Reptilia is not a natural monophyletic group (reviewed in Dessauer 1974 DNA sequences might be expected to provide better resolving power for such phylogenetic problems. In addition to cx-crystallin A, protein sequence data from reptilian, avian, and mammalian species are available for myoglobin (Dene et al. 1980; Maeda and Fitch 198 I) , cytochrome c (Dayhoff 1978; Goodman et al. 1982) , and hemoglobin cy and p (Leclercq et al. 198 1; Goodman et al. 1982) . Although the phylogenetic inferences derived from comparisons of these homologous amniote proteins have not always been consistent and conclusive (as has been amply discussed by Maeda and Fitch [ 198 I] and Goodman et al. [ 1982] ), the cytochrome c and hemoglobin data, like ar-crystallin A, generally support the grouping of birds and crocodiles in the monophyletic subclass Archosauria.
A recently described eye lens protein, t-crystallin (Stapel et al. 1985) , seems to be restricted to avian and crocodilian taxa as an apparently shared derived character. Another eye lens protein, &crystallin, not only occurs in birds and crocodiles but also in all lepidosaurians and turtles (Clayton 1974; Piatigorsky 1984) . Krystallin does not occur in any other vertebrate class and thus can be considered as an apomorph character of birds and all reptilian subclasses, thereby making the mammals the sister group of birds and reptiles. Also, the lysozyme sequences place turtles-and not mammals-closest to the other reptiles and birds (Jolles et al. 1977) .
It is in fact not surprising that the resolution, by means of comparative sequence analysis, of the successive divergences both of Lepidosauria and Archosauria and of birds and crocodiles is troublesome. According to paleontological evidence (Benton 1984) these evolutionary events apparently took place in -25 Myr, accumulating only a limited number of shared derived replacements that have been blurred by superimposed replacements in the subsequent 240 Myr.
